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Abstract
Powder bed fusion is a laser additive manufacturing (LAM) technology which is used to manufacture parts layer-wise
from powdered metallic materials. The technology has advanced vastly in the recent years and current systems can be 
used to manufacture functional parts for e.g. aerospace industry. The performance and accuracy of the systems have 
improved also, but certain difficulties in the powder fusion process are reducing the final quality of the parts. One of these
is commonly known as the balling phenomenon. The aim of this study was to define some of the process characteristics in
powder bed fusion by performing comparative studies with two different test setups. This was done by comparing
measured temperature profiles and on-line photography of the process. The material used during the research was EOS
PH1 stainless steel. Both of the test systems were equipped with 200 W single mode fiber lasers. The main result of the
research was that some of the process instabilities are resulting from the energy input during the process.
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1. Introduction
Powder bed fusion (PBF) is one of the laser additive manufacturing (LAM) technologies which uses laser
beam to solidify powdered metallic materials layer-wise to form functional 3D parts. The process itself is
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often called with different names, e.g. selective laser melting (SLM), selective laser sintering (SLS) and direct 
metal laser sintering (DMLS). Some of the process names are registered trademarks for various companies, 
and the process nature can be melting even though the name suggests otherwise. [1, 2] 
In sintering, the metal powder is heated to a temperature slightly below the melting point [3, 4]. The 
resulting structure with sintering process has high porosity and its mechanical properties are not enough for 
actual manufacturing. Another process variation is to melt material completely in order to improve the density 
of the final part. There is no melting if the energy input is not high enough to cause a physical change of the 
powder material [5, 6]. The energy input is determined by the laser power, scanning speed and the hatch 
spacing for the laser scan pattern. Hatch spacing has an impact in the heat distribution. If a shorter distance 
than necessary is used, it can create surface deterioration by generating excessive heat [7].  
Balling phenomenon is a typical defect associated with selective laser melting and it is one of the main 
factors that reduce the quality of the manufacturing. In this phenomenon, the material is not molten to a flat 
layer, but instead creates relatively large spherically shaped particles. This phenomenon has been widely 
researched and there are several theories explaining its origins and occurrence [5, 7, 8, 9, 10, 11]. Most of 
these researches were done with a 0.25 mm layer thickness, which is considered as fairly thick compared to 
0.02 mm used in DMLS process. The scanning hatch spacing was 0.1 mm which is typical for SLM. 
According to Kruth et al., the molten material is forming metal balls on top of the previously solidified layer 
due to insufficient wettability of the previous layer [10].  
There are two kinds of balling phenomena observed during SLM operation. [5, 9] Using low laser power 
gives an increase to the balling characterized by highly coarsened balls possessing an interrupted dendrite 
structure in their surface layer. In the second kind balling phenomenon, a large amount of micrometer-scaled 
are formed on the laser sintered surface at a high scan speed. Kruth et al. have studied that by 
combining high laser power with high scan speeds, the balling can be reduced [10]. Due to this phenomenon, 
temperature control of SLM process is critical for obtaining optimum circumstances and to improve quality of 
final product. For this reason several different approaches to monitor the process have been researched. Most 
of these are utilizing different types of temperature measurements and photography. [12, 13, 14, 15, 16, 17] 
 
Nomenclature 
LAM Laser Additive Manufacturing   SLM Selective Laser Melting 
PBF  Powder Bed Fusion   SLS Selective Laser Sintering 
DMLS Direct Metal Laser Sintering 
2. Experimental 
The aim of this study was to characterize powder bed fusion process of stainless steel with two different 
test setups. First setup (Setup A) used a simple processing chamber with a mechanical powder spreading 
system and a 200 W IPG Fiber laser with Scanlab scanner optics. The second setup utilized an EOS research 
system similar to a commercially available EOS M270, also with 200 W IPG fiber laser. The process chamber 
had a nitrogen atmosphere with both of the setups. Both setups also included monitoring with a Thyssen 
Laser-Technik TCS pyrometer and a Baumer CMOS camera with Cavitar CAVILUX diode laser 
illumination. The diameter of measurement range of pyrometer was approximately 15 mm, which is 
considerably larger than the area of laser beam. Both measurement tools were covering the whole test shape 
area all the time. The scanner optics and laser were controlled in test setup A with SCAPS SAMLight 
software, and in test setup B with the EOS PSW software. 
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The material used for both of the tests was EOS PH1, which is a precipitation hardening stainless steel. 
The particle size for the powder was determined with a Beckman Coulter laser diffraction particle size 
analyzer. The mean particle size for the powder was approximately 42 μm. The chemical composition of the 
material can be found on table 1.  
Table 1. Chemical composition of EOS PH1 material. [18] 
 Fe Cr Ni Cu Mn Si Mo Nb C 
 [Weight -%] Balance 14-15.5  3.5-5.5 2.5-4.5 Max 1  Max 1 Max 0.5 0.15-0.45 Max 0.07 
 
With test setup A, the laser melting process is performed inside a chamber filled with nitrogen. The laser 
beam is focused onto the powder bed through a normal float glass window. The pyrometer, illumination and 
camera systems are also operating through this window. The error created by the window to the pyrometer 
measurements was compensated during the testing based on information gathered during preliminary test 
period. The construction of the test setups can be found on the figures below. 
 
Fig. 1. Test setup A on the left and Test setup B on the right. 
The test set included some preliminary tests that were done to verify the operation of the pyrometer and to 
receive some information about the correlation between the pyrometer measured temperatures and both the 
energy input and the result of the melting process.  
 
The tests were performed by melting one single 20 μm layer of the powdered material with two different 
predefined scanning paths or hatch patterns, one for each test setup. The fusion area was a 5x5 mm square 
with 100 μm hatch spacing. The hatch patterns are slightly different due to different scanning tactics in the 
used scanner control software. The PSW software scanned the square by creating the outer border first and 
then filling it with horizontal lines. The SAMLight was programmed to add a small vertical line between 
every horizontal line into the filling pattern. The hatch patterns are shown in the figure below. 
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Fig. 2. The hatch patterns used in Test setup A (on the left) and Test setup B (on the right). 
One major difference between the test setups was the lack of heated platform in the test setup A. Due to 
this reason the melting tests were done on top of the powder bed. This can give some differences between the 
achieved temperatures with the system. And due to this fact the cooling rate of the molten material is 
different. 
2.1. Calculation of energy input and cooling rates 
Due to the three dimensional nature of the process, volumetric energy input was chosen to describe the 
amount of energy input during the selective laser melting process. This is commonly applied with the powder 
bed fusion technologies. The energy inputs were calculated according to the following equation.  
 
=           (1) 
, where   E = Volumetric energy input in J/mm3 
  P = Laser Power in W 
  v = Scan speed in mm/s 
  h = Hatch spacing in mm 
  d = Layer thickness in mm. 
 
The cooling rates were calculated according to the following equation. This equation is used to give an 
approximate value of the average cooling rate between two different temperatures. 
 
= 1 0
1 0
          (2) 
 , where   k = Cooling rate in °C/s 
  T0 = Initial temperature 
  T1 = Final temperature  
t0 = Initial time  
t1 = Final time. 
3. Results and Discussion 
The energy inputs for different setups were calculated according to equation 1. The temperature 
measurements showed the fluctuation of the temperature values according to the hatch shape. The amount of 
fluctuation is in relation to the scanning speed used during the testing. The tests concluded with test setup A 
had various different scanning speeds which can be seen as high fluctuation in the measured temperatures. 
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The measurements can be seen on the figure below. Different energy inputs are indicated by different colors 
in the graphs. 
 
 
Fig. 3. Temperature measurements with different volumetric energy inputs [J/mm3] with Test setup A (on the left) and Test setup B (on 
the right). 
A comparison of the pyrometer measurements with equal energy inputs using different test setups showed 
similar results. The figure below shows the measured temperature curves from both setups with 2500 J/mm3 
energy input. It can be seen that the average temperature during the process behaves similarly. The slight drop 
in the beginning of temperature curve measured with setup A is created by the laser control software.   
Fig. 4. Temperature measurements with 2500 J/mm3 energy inputs with Test setup A and Test setup B. 
The different setups were also compared with the photography. Table 2 shows the imaging results with two 
different energy inputs and maximum temperatures during the process.  The results show similar behaviour of 
the melt during the process. The amount of balling was also determined as equal. 
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Table 2. Temperature and imaging analysis of the two different setups with 2500 and 5000 J/mm3 energy inputs. 
 Setup A  Setup B 
Energy input, 
[J/mm3] 
Active illumination 
image 
Maximum 
temperature, [°C] 
 Active illumination 
image  
Maximum 
temperature, [°C] 
2500 
 
1308  
 
1348 
5000 
 
1224  
 
1270 
The figure below shows how the cooling rates alter between the two different setups. The cooling rate 
between temperatures of 1000 to 500 °C with a 2500 J/mm3 energy input with setups A and B were 
approximately 1887 °C/s and 205 °C/s, respectively. The cooling rates were calculated according to 
equation 2, which in this case gives an average value for the rate. This value can be used to compare different 
setups. It can be seen that heat conduction to powder material is much faster than to the preheated platform 
even though the heat conductivity of powder bulk material is much lower than solid material. The difference 
in cooling rates can have an effect to the final microstructure of the manufactured part with certain materials, 
and deformations of the part, but it does not seem to have any effect to the balling phenomena. 
Fig. 5. Cooling rate of the components manufactured with different setups. Energy input of 2500 J/mm3. 
By calculating the maximum and average temperatures with different energy inputs, it could be noted that 
the energy input has a distinct effect to the temperatures. When the energy input is initially increased, the 
process temperature is increased rapidly to over 1200 °C which can be reached with less than 500 J/mm3 
energy input. When the energy input is increased to approximately 1000 J/mm3, the temperature reaches 
maximum. This can be concluded as such that the absorption of laser power at this point is highest. Further 
increase in energy input reduces the process temperatures, which is most likely due to increased reflection of 
the laser beam from the melt pool. Other possibility would be reflection from solid platform underneath but 
this was not the case since the photography would have revealed it. The image analysis from the process 
showed that with too low energy input, the material is not melting properly and when the energy input is 
increased, the process temperatures are decreasing. The temperature changes according to the energy input 
can be seen on the figure below. 
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Fig. 6. Calculated maximum and average temperatures from the pyrometer testing with both test setups. 
The extent of the balling phenomenon during the process was evaluated by the photography. The results 
showed that the balling was reduced to minimum with energy input range between 1400-1700 J/mm3. When 
the energy input was insufficient, balling and porosity of the material was visible throughout the process. By 
increasing the energy input, the amount of balling was reduced and the porosity was no longer visible. With 
energy inputs beyond 1700 J/mm3 the balling became again clearly visible. Further increase in energy input 
resulted in increased balling. 
4. Conclusions 
The two test setups showed similar behavior in the process temperatures according to the changes of 
energy input. The maximum process temperatures were attained with energy inputs of approximately 1000 
J/mm3. 
The balling phenomenon was observed during these tests with certain energy input ranges. By increasing 
or decreasing the energy input from the optimum range, the amount of balling was visibly increased. It was 
shown that the optimum energy input area for these setups was from 1400 to 1700 J/mm3. The effect of 
scanning speed to the balling phenomena was not registered during these tests.  
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